Face-to-Face, Pak-to-Pak  by Malecka, Kimberly A. & Peterson, Jeffrey R.
Structure
PreviewsFace-to-Face, Pak-to-PakKimberly A. Malecka1 and Jeffrey R. Peterson1,*
1Cancer Biology Program, Fox Chase Cancer Center, 333 Cottman Avenue, Philadelphia, PA 19111, USA
*Correspondence: jeffrey.peterson@fccc.edu
DOI 10.1016/j.str.2011.11.007
Biochemical and structural studies of p21-activated kinase 1 (Pak1) by Wang and colleagues in this issue of
Structure reveal the structural basis for Pak1 trans-autophosphorylation of the activation loop, a critical step
in the activation of kinases.Phosphorylation of the activation loop is
important for stabilizing a catalytically
competent form of many protein kinases.
This 30 amino acid loop, adjacent to the
active site and bracketed by the canonical
DFG and APE kinase sequence motifs,
regulates both kinase activity and
substrate binding. A curious paradox is
presented by the fact that many kinases
are basally unphosphorylated and activa-
tion loop phosphorylation is often a key
step in kinase activation. How does
activation loop phosphorylation arise? In
some cases, an unrelated kinase can
phosphorylate the activation loop to
promote catalytic activity, for example
for mitogen-activated protein kinase. For
many other kinases, however, activation
loop phosphorylation is thought to be
mediated by trans-autophosphorylation,
in which one unphosphorylated kinase
monomer transiently adopts an active
conformation, allowing it to phosphory-
late another monomer, which can then
reciprocally phosphorylate its activator
(Bae and Schlessinger, 2010; Oliver
et al., 2007). This model can be consid-
ered a self-amplifying cascade of trans-
autophosphorylation initiated by kinase
dimerization. The structural basis for acti-
vation loop trans-autophosphorylation
has remained mysterious for most
kinases but accumulating structural
studies, including a new study by Wang
et al. (2011) in this issue of Structure,
have revealed snapshots of surprisingly
diverse ways this can occur.
To capture a Pak1 autoactivation
complex, the authors began by crystal-
lizing a widely used mutant of Pak1 con-
taining a lysine to arginine mutation in
the active site (K299R in Pak1). The
importance of this lysine residue was
originally predicted based on its strong
evolutionary conservation among kinases
(Hanks et al., 1988). Studies performed oncAPK-a, v-Src, IR/IGF1R, and EGFR
showed that most substitutions of this
lysine in these and other kinases abol-
ished kinase activity. Surprisingly, the
resulting crystal structure of Pak1-
K299R showed electron density for
a phosphate group in the activation loop
(on T423) and biochemical studies
confirmed stoichiometric autophosphory-
lation. Kinetic studies of Pak1-K299R
showed an 1,000-fold decrease in kcat
relative to wild-type Pak1, but this
residual activity suggests that caution
must be used in interpreting Pak1-
K299R as ‘‘kinase dead.’’ Others have
also reported that this mutation may also
retain some catalytic activity in other
kinases (Robinson et al., 1996).
To investigate Pak1 autophosphoryla-
tion using a truly catalytically dead form
of Pak1, Wang et al. (2011) engineered
a second mutation, D389N, into Pak1-
K299R. When purified, this double mutant
showed no evidence of autophosphoryla-
tion. Crystallized in the presence of the
non-hydrolyzable ATP analog AMP-PNP,
the double mutant revealed a surprising
asymmetric Pak1 dimer. One Pak1
subunit, with the nucleotide analog
bound, adopts the conformation typical
of active kinases and the other kinase
subunit binds in a face-to-face (active
site to active site) arrangement (Figure 1,
top left). Strikingly, the activation loop of
the second subunit extends into the
active site of the first subunit with T423
poised as a phospho-acceptor. Interest-
ingly, the substrate subunit has no bound
AMP-PNP despite the movement of the
activation loop.
A total of 1,600 A˚2 is buried in the dimer
interface, split evenly between residues in
the activation loop/active site interface
and a second interface involving the
C-terminal kinase lobes. The amino acid
sequence of the Pak1 activation loopStructure 19, December 7, 2011 ªmatches well the previously reported
Pak1 substrate consensus sequence
(Rennefahrt et al., 2007); furthermore,
T423 and the adjacent residues in the
substrate molecule bind the enzyme
molecule similarly to the analogous resi-
dues in a prior structure of a peptide
substrate bound to Pak4 (PDB code:
2Q0N). Within the C-terminal lobe, helices
EF and G mediate intermolecular con-
tacts and point mutations in this region
disrupted kinase autophosphorylation,
confirming the relevance of the crystallo-
graphic dimer. These C-lobe contacts
are similar but distinct from the C-lobe
interface of a previously reported Pak1
homodimer (Pirruccello et al., 2006).
An intriguing possibility is that these
distinct dimers may represent se-
quential intermediates in Pak trans-
autophosphorylation.
Other structural examples of kinase
activation loop trans-autophosphoryla-
tion have also been reported that, re-
markably, show enzyme-substrate ki-
nase interactions occurring in entirely
different orientations. While Pak1 forms
face-to-face dimers, the crystal structure
of the serine/threonine kinase/endoribo-
nuclease Ire1 revealed a very different
arrangement: a homo-oligomer in which
individual Ire1 subunits, arranged side-
to-side, serve as both enzyme and sub-
strate, with the activation loop of each
monomer extending in the direction of
its neighbor (Korennykh et al., 2009).
Enzyme-substrate contacts in this case
are mediated by the aD helix and the
activation loop on opposite sides of
each subunit. However, all three Ire1
activation loop phosphorylation sites
were already phosphorylated in this
structure, raising the possibility that
trans-autophosphorylation could have
occurred via a structurally distinct
intermediate.2011 Elsevier Ltd All rights reserved 1723
Figure 1. Alternate Subunit Orientations in Activation
Loop Trans-Autophosphorylation Complexes
Kinase homodimers are shown, grouped as either symmetric
activation loop-exchanged dimers, in which each subunit is
both ‘‘enzyme’’ and ‘‘substrate,’’ or asymmetric dimers in
which one subunit is enzyme and the other substrate. For
each dimer, the N-lobe of the enzyme subunit is colored dark
gray and the C-lobe is light gray. N-lobes of substrates are
blue and C-lobes are purple. The substrate activation loop is
shown in green cartoon representation and ATP-competitive
inhibitors are yellow sticks. Enzyme Ca chains are oriented
identically. Pak1 (3Q4Z) and DAPK3 (2J90) represent dimers
in which each subunit is oriented face-to-face and contact
each other in both the N- and C-lobes. Other known and similar
structures are LOK (2J7T), SLK (2J51) and CHK2 (2CN5).
IGF1R dimers (3D94) have their substrate subunits rotated
90 relative to the enzyme subunit. In Ire1 (3FBV), subunits
are arranged side-to-side and the already phosphorylated acti-
vation loop extends from one subunit toward the active site of
the next subunit (more easily seen in the 90 rotation).
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PreviewsThere are few examples of crystal
structures for protein kinases bound
to substrates larger than short
peptides, and the majority of these
are kinase-kinase structures of the
type described here. Thus analysis
of these structures may have more
general implications for the inter-
actions of kinases with other,
non-kinase substrates. Particularly
striking, in this regard, is the diver-
sity of regions distant from the
active site that directly contact the
substrate. These structures suggest
that determinants for substrate
recognition by a kinasemay rely sig-
nificantly on interactions well out-
side the active site.
An alternative solution to asym-
metric trans-autophosphorylation
appears to have evolved in other
kinases in which the activation
loop of each subunit of a homodimer
is symmetrically exchanged, mak-
ing each subunit simultaneously
both enzyme and substrate, as for
Ire1. Examples of this symmetric
exchange have been seen within
several kinase subfamilies (Oliver
et al., 2007; Pike et al., 2008). Inter-
estingly, even among structures
of kinases undergoing symmetric
trans-autophosphorylation, subunits
can interact in strikingly different
ways (Figure 1, right panels).DAPK3 subunits (Pike et al., 2008) and
IGF1R subunits (Wu et al., 2008) associate
with increasing degrees of rotation with
respect to one another. In both structures,
intermolecular contacts are mediated by
both N- and C-terminal lobes. It has been
noted that several activation loop-
exchanging kinases are thought to be
dimeric once activated, suggesting that
this mechanism for trans-autophosphory-
lation may be preferentially associated
with kinases that form a stable dimer
(Oliver et al., 2007).
An important distinction between ki-
nases that form symmetric dimers and1724 Structure 19, December 7, 2011 ª2011those that form asymmetric dimers may
be the observation that those that form
symmetric dimers often have activation
loop amino acid sequences that do not
match theexperimentally determinedsub-
strate specificity of the kinase (Pike et al.,
2008). Thus, autophosphorylation of these
kinases is distinct from the phosphoryla-
tion of downstreamsubstrates and is likely
driven by distal dimerization contacts.
Many questions remain to be answered
for a complete understanding of the
mechanism of trans-autophosphorylation
in kinase activation. For example, how
are trans-autophosphorylation intermedi-Elsevier Ltd All rights reservedates resolved following phospho-
transfer? What are the distinct func-
tional roles of symmetric versus
asymmetric intermediates? Are
kinase-kinase trans-phosphoryla-
tion events intrinsically different
from other kinase-substrate interac-
tions? Wang et al. (2011) have
provided valuable insights but
further studies are needed for our
understanding of the ‘‘tit for tat’’ of
kinase autophosphorylation.ACKNOWLEDGMENTS
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